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We study extreme ultraviolet (EUV) radiation induced defects in single-layer graphene. Two mechanisms
for inducing defects in graphene were separately investigated: photon induced chemical reactions between
graphene and background residual gases, and breaking sp2 bonds, due to photon and/or photoelectrons
induced bond cleaving. Raman spectroscopy shows that D peak intensities grow after EUV irradiation with
increasing water partial pressure in the exposure chamber. Temperature-programmed desorption (TPD)
experiments prove that EUV radiation results in water dissociation on the graphene surface. The oxidation
of graphene, caused by water dissociation, is triggered by photon and/or photoelectron induced dissociation
of water. Our studies show that the EUV photons cleave the sp2 bonds, forming sp3 bonds, leading to defects
in graphene.
PACS numbers: 61.48.De
I. INTRODUCTION
Graphene, a two-dimensional hexagonal packed sheet
of carbon atoms, has attracted a lot of attention from dif-
ferent research fields due to its unique physical and chem-
ical properties1–8. Graphene can act as a diffusion bar-
rier by providing physical separation between an under-
lying substrate and reactant gases. Indeed, studies show
that graphene is highly impermeable to gases9. Further-
more, single-layer graphene is also highly transparent10,
which makes it a promising protection layer for optical
devices, such as mirrors, lenses and screens. Addition-
ally, graphene can be grown on large scales by chemical
vapor deposition (CVD) and transferred to arbitrary sub-
strate11, making the range of potential applications very
wide.
Graphene devices may be used in harsh environments
e.g., space applications, soft x-ray systems and extreme
ultraviolet (EUV) lithography systems. Since the light
source of current EUV lithography systems operates at
a wavelength of 13.5 nm, the optical system is in vac-
uum, but with a significant partial pressure of water.
The physical and chemical stability of graphene in such
an environment is of critical importance if it is to be used
as a part of an optical component. Early experimental
work showed that defects were generated in multilayer
graphene after EUV exposure. And, even in a reduc-
ing environment, a small partial pressure of oxidizing
agents (water) may cause oxidation12. The damage to
graphene observed in our previous study was attributed
to two possible effects: photo-induced chemistry between
graphene and background residual gases, and breaking
sp2 bonds, due to EUV photon and/or photoelectron in-
a)Electronic mail: a.gao@differ.nl.
duced bond cleaving.
In this work, we investigate both of these possible
EUV-induced damage mechanisms on CVD grown single
layer graphene. In previous work12, the oxidative dam-
age to graphene was tentatively attributed to the pres-
ence of a reactive low density water plasma. But in the
ref12, the amount of water (which was the main source of
oxidative damage to graphene) adsorbed to the graphene
surface was not controlled, nor was it possible to perform
experiments without a substantial plasma-surface inter-
action. In this work, the influence of the EUV-induced
water plasma is controlled in two different ways. In the
first set of experiments, the partial pressure of water in
the vacuum chamber was set by introducing water va-
por into the interaction chamber. In the second set of
experiments, water layers were deliberately deposited on
a cold graphene surface (83 K). In the first set of ex-
periments, the graphene is exposed to an EUV-induced
plasma, which contains different concentrations of water
plasma. In the second set of experiments, the solid wa-
ter layer can be ionized into much denser plasma under
EUV irradiation. In addition, since this water layer is ph-
ysisorbed onto the graphene surface, the reaction proba-
bility is much higher compared with that in the first set
of experiments. By comparing the nature and density of
defects induced in these two experiments, it is possible to
determine the relative contribution of the EUV-induced
plasma to the damage observed in graphene after expo-
sure.
Finally, in a third set of experiments, naturally ac-
cumulated hydrocarbon contamination (0.7 nm) on a
graphene surface was used as a barrier layer between the
residual water and graphene surface. In this way, it was
possible to study the damage to graphene, while min-
imizing the reaction rate between graphene and water
plasma.
In our experiments, the graphene was character-
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ized using Raman spectroscopy, X-Ray photoelec-
tron spectroscopy (XPS), and scanning electron mi-
croscopy (SEM), before and after exposure. The ra-
tio of the D and G Raman spectral features is used as
a measure of how well-ordered the graphene crystalline
structure is, while XPS is used to determine the amount
of oxidation. SEM was used to qualitatively compare
the graphene layer completeness. The adsorbed water
was examined using temperature-programmed desorp-
tion (TPD) spectroscopy to understand the water layer
morphology, water-water, and water-graphene interac-
tions
II. EXPERIMENTS
For the first and second sets of experiments, single
layer graphene samples, obtained from Graphene Super-
market Inc., were grown on copper substrates by CVD
and transferred to SiO2/Si substrates. The substrate
size was 10 mm x 10 mm with a 285 nm thick layer
of SiO2. For the third set of experiments, single layer
graphene samples on Cu substrates were purchased from
Graphenea, which were stored in ambient condition for
several months, leading to a layer of hydrocarbons about
0.7 nm thick on top of the graphene layer. For the
first and third sets of experiments, the graphene sam-
ples were exposed to EUV from a Xe plasma discharge
source (Philips EUV Alpha Source 2) with a repetition
rate of 500 Hz. The EUV beam profile has a Gaussian
distribution with FWHM= 3 mm. The EUV intensity at
the sample surface was estimated to be 5 W/cm2 with a
dose of 10 mJ/cm2 per pulse. The base pressure of the
exposure chamber was 2x10−9 mbar. For the second set
of experiments, the graphene samples were exposed with
EUV intensity of 0.05 W/cm2, and the base pressure of
the exposure chamber was 1x10−9 mbar.
All exposed samples were characterized using Raman
spectroscopy, XPS, and SEM after exposure. Raman
spectra were collected with a home-built system, based
on a 532 nm solid state laser system and a Solar M266
spectrometer with a resolution of 1 cm−1. The illumi-
nation intensity was set at 200 W/cm2. The collection
optics and pixel size of the detector result in a spatial
resolution of 100 × 100 um2. The collection efficiency
of the detector system was calibrated using the HG-1
Mercury Argon Calibration Light Source and AvaLight-
D(H)-S Deuterium-Halogen Light Source. XPS was mea-
sured by using a monochromatic Al-K, Thermo Fisher
Theta probe with a beam footprint of 1 mm diameter.
III. RESULTS AND DISCUSSION
A. Photo-induced plasma of the residual water
Four graphene samples (single layer graphene on
SiO2/Si substrate) were exposed to EUV for 30 min with
various water partial pressures. One of the graphene sam-
ples was exposed without adding water into the chamber
(water partial pressure less than 10−9 mbar), while an-
other three samples were exposed with water partial pres-
sures of 1x10−7 mbar, 1x10−6 mbar, and 1x10−5 mbar,
respectively. These four samples were kept at 289 K by
backside cooling during the exposure. After exposure, all
the samples were examined by Raman spectroscopy and
XPS. A typical Raman spectrum of graphene has three
prominent features i.e., D, G and 2D peaks, located at
approximately 1350 cm−1, 1580 cm−1, and 2680 cm−1.
The G peak is a first order Raman scattering process,
corresponding to an in plane stretching of sp2 bonds.
The D band is due to the breathing modes of six-atom
rings, and requires a defect for activation. The ratio of
I(D)/I(G) is commonly used to quantify the defect den-
sity13. Fig. 1a shows the Raman spectra of the reference
graphene sample (unexposed) and the exposed graphene
samples. It clearly shows that the D peak height grows af-
ter exposure for all samples, indicating defect generation.
Furthermore, the dependence of the I(D)/I(G) ratio on
water partial pressure is clearly indicated in Fig. 1b.
The Raman spectra, however, do not clearly show the
source of the increased defect density. Fig. 2a shows
the curve fit for the XPS spectrum of the C1s peak of
the pristine sample. The four components of the C1s
spectrum, corresponding to sp2 bonds in graphitic like
carbon (284.3 eV), sp3 hybridization (285.2 eV), hy-
droxyl (C-O) groups (286.1 eV), and carboxyl (C=O)
groups (288 eV), are plotted separately for the exposed
sample. The appearance of sp3, C-O, and C=O bonds
can be attributed to photo-induced bond cleaving and
photo-induced oxidation of graphene, due to presence of
water. However, Fig. 2b also shows that the total carbon
thickness of the exposed samples increases, due to the
well-known effect of hydrocarbon deposition during EUV
exposure14. The contribution of the deposited hydrocar-
bons to the XPS spectra makes a single interpretation of
the data impossible, since the sp3, C-O, and C=O con-
tributions can also come from the hydrocarbon contam-
ination. Note that the EUV transmission will decrease
by less than 1 % due to 0.3 nm carbon contamination15,
thus, the difference of EUV dose on graphene samples
is negligible, and cannot explain the differences between
Raman spectra for the five samples.
B. Photo-induced plasma of the adsorbed water
In order to prevent hydrocarbon contamination, a layer
of water was deliberately deposited on the graphene sur-
face by dosing the surface with water while it was held at
a temperature of 83 K. Directly before water dosing, the
graphene sample was heated to 600 K to remove surface
contamination, after which a calibrated surface coverage
of water was adsorbed onto the sample. The water dose
is expressed in Langmuir, with 1 L = 1.33x10−6 mbar.
Temperature-programmed desorption (TPD) spec-
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FIG. 1: (color online) (a) The Raman spectra of the graphene samples on SiO2/Si substrate exposed to EUV under different water partial
pressure. (b) The I(D)/I(G) ratio as function of the water partial pressure. The x axis is in log scale.
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FIG. 2: (color online) (a) The curve fitting results of the XPS spectrum for the graphene samples on SiO2/Si substrate exposed to EUV with
water partial pressure of 1x10−5 mbar. The solid curve indicates the C1s peak while the four dot-dash curves are fitted curves. (b) The total
carbon thickness of the exposed samples with various water partial pressures. Note that the unexposed sample has slightly hydrocarbon
contamination on the surface due to transport and storage in atmospheric conditions. The thickness is calculated based on the angle resolved
XPS measurements assuming the carbon density of 2.1 g/cm3. The x axis is in log scale.
troscopy was performed to investigate how water adsorbs
on to the graphene surface. The graphene sample was
heated at a rate of 0.5 K/s and water desorption was
detected by a quadruple mass spectrometer. To ensure
that the signal is dominated by sample surface desorp-
tion, the entrance to the mass spectrometer consists of
a cone that faces the sample surface. The cone has an
entrance aperture of 4 mm, located approximately 2 mm
from the graphene surface. The temperature was mea-
sured with a thermocouple pressed onto the sample with
a molybdenum clamp. Since this clamp has a relatively
good thermal contact with the cold finger of the manip-
ulator, the measured temperature will underestimate the
actual sample temperature.
In our experimental procedure, the graphene sample
was dosed with water, and TPD spectroscopy was per-
formed prior to EUV exposure. The sample was then re-
dosed with water and exposed to EUV. A second TPD
spectrum was obtained from the exposed water-graphene
sample. Finally, the sample was dosed with water a third
time and a third TPD was performed on the exposed
graphene. This procedure was repeated three times on
the same sample after EUV exposure of 10 min, 30 min,
and 180 min respectively. The EUV intensity in this ex-
posure was estimated to be 100 µ J/cm2, about 100 times
lower than used in the first set of experiments.
The TPD results are shown in Fig. 3a. The spectra at
low water dosages and high water dosages are markedly
different, indicating that the structure of the adsorbed
water is different, or evolves differently as function of
both temperature and initial dose. As graphene (with
certain hydrocarbon contamination) has a hydrophobic
surface, water films tend to dewet upon heating. At low
coverage, the water molecules form two-dimensional (2D)
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FIG. 3: (color on line) Temperature-programmed desorption spectra for H2O desorption on the graphene surface (a) TPD spectra for various
H2O doses; (b) TPD spectra of the graphene sample under different EUV exposure time with water dosing time of 1 L. The heating rate is
0.5 K/s. The curves are manually offset to the have the same background.
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FIG. 4: (color online) (a) Raman spectra of the graphene sample before (pristine) and after EUV radiation with water adsorbed onto the
sample (exposed).(b) Raman spectra of the samples exposed with or without water adsorbed onto graphene surface.
clusters. Water molecules at edges of these clusters have
low coordination to other water molecules, such that
their desorption energy is low, resulting in the desorp-
tion peak around 130 K16–18.
However, as the coverage increases, water molecules
can form 3D clusters of crystalline-ice like structure, re-
sulting in a second peak at 134 K. The position (tem-
perature) of this peak increases with coverage, while the
leading edge remains similar. This is characteristics for
zero-order desorption of water molecules from ice17,18.
The rearrangement of the water suppresses the peak at
130 K for water doses above 3 L. At a water dose of 5 L
the 130 K peak disappears, which indicates that all water
molecules form multilayers or 3D ice clusters. The TPD
data from Fig. 3a also indicates that water does not dis-
sociate on adsorption to the graphene surface, thus, any
water dissociation and resulting changes to the graphene
are driven by EUV-induced processes as discussed in the
following.
In Fig. 3b, the TPD spectra of water on graphene be-
fore and after exposure are shown for a water dose of 1 L.
It is shown in Fig. 3b that the spectra of the graphene
sample after exposure exhibits lower peak intensities than
that of before exposure. This indicates that the amount
of water on the surface decreases due to EUV-induced
desorption of water. Note that, aside from the decrease
in the total amount of water on the graphene surface, a
second TPD peak appears at higher temperature after
30 min of exposure. This second peak is likely due to the
water layer rearranging itself during EUV exposure.
EUV photons with an energy of 92 eV can also cause
water dissociation by direct photon excitation or by an
indirect process involving secondary electrons emitted
from the substrate. Many studies have shown that the
indirect process, induced by secondary electrons, domi-
nates over the direct photon excitation in the surface pho-
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tochemistry14,19,20. Therefore, direct EUV-dissociation
can be neglected and the water molecules can be dissoci-
ated according to the following reactions14:
e− +H2O → H
+ +OH− (1)
e− +OH− → H+ +O− (2)
Upon dissociation, the reactive species can either desorb
from the surface or react (mainly atomic oxygen) with
the graphene.
Fig. 4a shows the Raman spectra of the graphene sam-
ple before and after EUV exposure with adsorbed water
layer. Comparing these two spectra in Fig. 4a, there is
a clear D peak intensity increase at around 1350 cm−1,
which is attributed to the presence of defects in graphene.
Previous work has shown that defects in graphene can be
induced by EUV radiation12, however, the shift of the G
peak from 1585 cm−1 to 1595 cm−1 and of the 2D peak
2681 cm−1 to 2691 cm−1, are usually interpreted as evi-
dence of oxide doping21.
Fig. 4b shows the Raman spectra of samples exposed
with and without water adsorbed on to the graphene sur-
face. The two spectra differ in both the I(D)/I(G) ra-
tio and the spectrum fluorescence background. Clearly,
the I(D)/I(G) ratio of the sample exposed with water
is much higher than that of the sample exposed without
water, indicating more defects were generated in the for-
mer sample. The water layer adsorbed to the graphene
surface will result in a very dense water plasma, and such
a plasma should have a faster reaction rate than that of
water plasma generated in the background residual gas.
The large fluorescence signal in the sample exposed with-
out water is attributed to hydrocarbon contamination.
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FIG. 5: (color online) The XPS spectra of the graphene sample
exposed to EUV with adsorbed water onto graphene. The solid curve
indicates the C1s peak while the four dot-dash curves are fitted
curves.
Fig. 5 shows the curve fit for the C1s peak of the sample
exposed to EUV with adsorbed water. The components
of the C1s spectrum: sp2, sp3, C-O, and C=O, are plot-
ted. The atomic concentration of each component and
full width half maximum of the spectral components for
the pristine sample, and samples exposed to EUV with
and without adsorbed water are summarized in Tab. I.
The broadening of the sp2 peak from 0.88 eV to 0.98 eV
is usually evidence of a transition from a highly ordered
graphite-like carbon to a less ordered carbon state, sup-
porting the conclusion from the Raman results that the
exposed graphene has more defects. The changes in C-O
and C=O concentrations are not significant, consider-
ing that the uncertainty in the atomic concentration is
±2.5 at.%. The C-O and C=O bonds are most likely
to be due to residual poly (methyl meth acrylate), used
during the transfer process, and clearly observed on all
samples using SEM (see Fig. 6).
From the SEM images in Fig. 6, it is apparent that
there is less PMMA on the graphene after exposure.
Cracks and holes are also observed in the SEM images for
the exposed samples, indicating an oxidative etching ef-
fect. We can see that the exposed graphene samples show
more cracks and holes than the pristine sample. And
these holes and cracks are predominantly along graphene
grain boundaries, a phenomenon also observed for ther-
mal oxidation of graphene22,23. The formation of C-O
or C=O groups as a result of oxidation is due to fully
dissociated water (e.g., atomic oxygen), or partially dis-
sociated water (e.g., OH groups). The small holes in the
pristine sample may come from the transfer process.
It is also noted that the total thickness of carbon in
the exposed sample decreases, due to both the etching of
graphene and the removal of PMMA. This can be seen
in the XPS data in Tab. I, where the concentration of
the sp2 and sp3 components decrease, while both the
C-O and C=O contributions remain almost unchanged.
Cleaved sp2 bonds can either form sp3 bonds, or through
oxidation form both sp3 bonds and C-O or C=O bonds.
The combination of decreasing carbon, but increasing
oxidation is indicative that the PMMA is preferentially
removed. However, the unchanged sp3 and oxygen con-
tent (despite the disruption to the graphene and the over-
all removal of carbon) indicates that two competing pro-
cesses are present. The removal of PMMA is compen-
sated for by the oxidation of the graphene.
Until now, we have shown that from Raman results,
I(D)/I(G) ratio grows as the water partial pressure in-
creases, indicating more defects are forming in graphene.
Together with the XPS data, it suggests that oxidation,
triggered by the EUV radiation in the presence of water,
results in the graphene being etched, forming cracks and
holes, which is similar to the effect observed during ther-
mal oxidation of graphene. In the case of EUV exposure,
the oxidation process originates from the dissociation of
water by EUV. However, to determine the relative con-
tributions of EUV-induced oxidation and EUV-induced
bond cleaving, the EUV-induced plasma must be sepa-
rated from the graphene surface.
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TABLE I: Atomic concentration of C1s component, the total carbon thickness, and FWHM of the pristine sample, and samples exposed to EUV
with and without adsorbed water. The total thickness is calculated based on the angle resolved XPS measurements assuming the carbon density
of 2.1 g/cm3.
Sample C sp2 (at.%) C sp3 (at.%) C-O (at.%) C=O (at.%) sp2 FWHM (eV) Total thickness (nm)
Pristine (unexposed) 20.4 4.4 2.4 1.0 0.88 0.34
Exposed with adsorbed H2O 19.3 2.7 2.4 1.1 0.98 0.30
Exposed without adsorbed H2O 31.5 6.4 6.4 3.7 1.03 0.74
(a) unexposed sample (b) exposed sample
FIG. 6: SEM images of the pristine sample, and the sample exposed to EUV with adsorbed water showing PMMA residue, cracks and holes. The
PMMA appears as the darker patches in both images.
C. Exposing graphene with hydrocarbon contamination
Samples of single layer graphene on Cu substrate with
a hydrocarbon contamination layer were prepared. The
hydrocarbon layer is used as barrier layer between the
residual water and graphene surface. In this way, it was
possible to study the damage to graphene, while min-
imizing the reaction rate between graphene and water
plasma. Four graphene samples were exposed to EUV
for 30 min with background gas conditions that should
be either reducing or oxidizing. One of the graphene sam-
ples was exposed without modifying the background gas
(10−9 mbar, mostly water), a second sample was exposed
in a water partial pressure of 1x10−5 mbar, a third was
exposed in a hydrogen partial pressure of 1x10−5 mbar,
and the last was exposed in an oxygen partial pressure of
1x10−5 mbar. All samples were kept at 289 K by backside
cooling during the exposure.
Fig. 7 shows the Raman spectrum and XPS results for
an unexposed sample. From the Raman spectra, we can
see that the single layer graphene is still visible after flu-
orescence background subtraction, despite the presence
of hydrocarbon contamination. The XPS results clearly
show that, in addition to the sp2 contribution, there is
a significant amount of sp3, C-O, and C=O, which is
attributed to the presence of hydrocarbon. Assuming
a density of 2.1 g/cm3, the hydrocarbon contamination
layer was found to be about 0.7 nm thick from XPS mea-
surement (see Tab. II). This hydrocarbon layer acts as a
barrier layer between the graphene and the background
residual gases in the exposure chamber. In this way, reac-
tions between the EUV-induced plasma and the graphene
can be excluded.
Fig. 8a shows the Raman spectra of the reference (un-
exposed) and exposed graphene samples with naturally
accumulated hydrocarbon contamination. It is noted
that all the exposed samples show a clear D peak with
approximately the same intensity. The G peak, however,
is broadened due to a more disordered carbon network
after exposure. Analysis is complicated by the fact that
all samples, except the one exposed to oxygen, show an
increase in hydrocarbon carbon (see Tab. II), which con-
tributes to, not only the broadening, but also the in-
creased intensity of the G peak. In Tab. II, it is also
apparent that the sp2 atomic concentration is greatly re-
duced after exposure, from 53.3 at.% to 34.0 at.%, indi-
cating that sp2 bonds are being broken and sp3 bonds are
being formed. The C-O and C=O peaks are obviously
more pronounced in the exposed samples shown in the
XPS results in Fig. 8b due to EUV induced oxidation of
the covering hydrocarbon carbon layer.
These results show that direct contact of the EUV-
induced plasma and the graphene is not a necessary
requirement for damage to graphene. The I(D)/I(G)
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FIG. 7: (color online) Raman spectrum after fluorescence background subtraction (a) and XPS results (b) for the reference sample of monolayer
graphene on Cu substrate with naturally accumulated hydrocarbon contamination.
TABLE II: Atomic concentration and total carbon thickness of the reference and exposed graphene samples with naturally accumulated
hydrocarbon contamination. The error margin of the data is ±1 at.%.
Sample Reference Exposed to background gas Exposed to H2O Exposed to H2 Exposed to O2
C sp2 (at.%) 53.3 34.0 36.3 36.2 35.7
C sp3 (at.%) 10.0 13.0 10.6 11.0 10.1
C-O (at.%) 1.9 5.0 5.4 7.0 5.1
C=O (at.%) 2.0 11.2 8.6 6.7 6.4
O 1s (at.%) 13.0 22.8 23.2 22.8 23.9
Cu2p3 (at.%) 19.8 14.0 15.9 16.3 18.9
Total thickness (nm) 0.98 1.24 1.10 1.06 0.92
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FIG. 8: (a) Raman spectra for the reference and exposed graphene samples on Cu substrate with naturally accumulated hydrocarbon
contamination. (b) XPS results for the graphene sample exposed to oxygen
ratio (0.2) found in Fig. 8 is much lower compared
with the I(D)/I(G) ratio (1.9) found in Fig. 1 for the
sample exposed to EUV with partial water pressure of
1x10−5 mbar, indicating that the hydrocarbon carbon
layer is an effective barrier layer. In addition, in Fig. 8a,
the I(D) intensities are almost the same for all exposed
samples, indicating that the process is largely indepen-
dent of the background gases. Considering these facts,
the induced defects are predominantly due to photon
and/or photoelectron induced bond cleaving, rather than
the EUV-induced plasma. The photoelectrons from the
Cu substrate may play an important role in defect gener-
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ation in graphene, since the Cu substrate has a relatively
high photoelectron yield24. These photoelectrons may
directly attribute in breaking the carbon sp2 bonds.
It is important to note that the damage to graphene
caused by plasma depends very strongly on the concen-
tration and composition of the background gases, while,
on the other hand, the damage to graphene caused by
photon and photoelectron is only dependent on the pho-
ton flux. It is, therefore, impossible to determine the
relative dominance of these two mechanisms, without
specifying the background conditions, photon flux and
even the type of substrate (photoelectron yield). Judg-
ing from the data in Fig. 8, the contribution to I(D)/(G)
from photon and photoelectrons is about 0.2. Consider-
ing the experimental results shown with Fig. 1 (where the
I(D)/(G) is about 1.9), we can conclude that, in those
experiments, EUV-induced plasma is the main source for
the defect generation. This finding is reinforced by the
fact that the photoelectron yield for the SiO2 substrate
is much less than that from the Cu substrate.
IV. CONCLUSION
We have studied the damage mechanism of CVD grown
single layer graphene under EUV irradiation. We found
that the residual water in the vacuum chamber, EUV
photons, and/or photoelectrons, all contribute to defect
generation in graphene during EUV exposure. The ex-
perimental data demonstrate that, under EUV radiation
in the presence of water, defects were generated through
oxidation, resulting in the graphene being etched, form-
ing cracks and holes, which is similar to thermal oxidation
of graphene. The oxidation process originates from the
dissociation of water by EUV, and the fact that the EUV
photons directly break the sp2 bonds forming sp3 bonds,
which leads to defects in graphene. The photoelectrons
emitted from the substrate can either cause oxidation via
dissociating water molecules on the graphene surface, or
directly break sp2 bonds, both of which will induce de-
fects in graphene. Our results help understand lifetime
considerations for graphene devices in the presence of
hard radiation. Furthermore, the EUV-induced oxida-
tion of graphene provides a possible route to resist-free
patterning of graphene.
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